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• The lack of standardised methods for 
microplastic extraction hinders result 
comparability.

• Sodium Polytungstate solution effec
tively extracts PET fibres from 
sediments.

• PET fibres can be recovered from sandy, 
mud-free sediments with a simple 
procedure.

• Microplastic extraction from mud-rich 
sediments requires proper measures.
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A B S T R A C T

Despite the presence of microplastics in sediments being widely acknowledged, the absence of standardised 
processing methods in extracting microplastics can compromise reliable and comparable results. Density sepa
ration is a predominant method for extracting microplastics from sediments. In this study, Sodium Polytungstate 
(ρ = 1.6 g cm− 3) was selected as the density separation agent for three key factors: i) optimal density for 
extracting common plastic polymers, ii) low toxicity, and iii) recycling potential of the solution. It is therefore 
cost-effective, and the risk of solution dispersal is minimal. The solution was tested through four separation 
procedures, extracting PET fibres from three artificial sediment mixtures (i.e., pure sand, pure mud, and 50 % 
sand and 50 % mud). The results indicate that the solution employed in this work is highly effective for 
extracting microplastic fibres from sediments, with recovery rates up to 99 %. However, the results highlight 
differences in the recovery among the four procedures and in terms of the sediment characteristics. Specifically, 
extracting microplastics was easier in sandy sediment samples than in mud-rich ones. The complexity of 
extracting microplastics from mud-rich sediments results from i) the creation of microplastic-sediment aggre
gates forming denser structures, that settle down trapping microplastics in sediments; ii) the development of a 
clay sediment cap that hinders the rise of microplastics to the surface. Reducing the risk of underestimation of 
microplastic content in mud-rich samples can be accomplished by applying a procedure that involves placing the 
samples with the Sodium Polytungstate solution on a stirring plate while progressively lowering the rotation 
velocity. Using this method, cohesive sediments lose their ability to trap microplastics while aggregating, 
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consequently reducing their ability to drag microplastics to the bottom. This facilitated microplastics to reach the 
liquid surface, thereby enabling an efficient retrieval even in mud-rich samples.

1. Introduction

The production of plastic has consistently increased since the 1950s, 
and a large amount of plastic introduced into the environment may end 
up in the oceans (Lebreton and Andrady, 2019). The growth of plastic 
production is causing significant concerns, as its impacts on ecosystems 
and organisms are acquiring increasing awareness, not just within the 
scientific community but also among the media and politics (Kumar 
et al., 2021). When exposed to environmental conditions, plastic waste 
undergoes weathering, breaking down into smaller pieces known as 
microplastics (MPs), ranging between 1 μm and 5 mm (Barnes et al., 
2009, O'Brine and Thompson, 2010; Browne et al., 2011). MPs present a 
significant concern as they can adsorb and transport heavy metals and 
other pollutants and, when further disaggregated, release them into the 
environment (Brennecke et al., 2016; Jiang, 2018; Godoy et al., 2019; 
Liu et al., 2021). Additionally, the additives incorporated into plastics 
during manufacturing, such as plasticisers, flame retardants, colourants, 
and stabilisers, aimed at improving their properties, may be leached out 
during degradation, presenting a potential hazard (Bridson et al., 2023; 
Yu et al., 2024). Moreover, the small size of these particles makes them 
easily ingestible by organisms, further threatening ecosystems, biodi
versity, and local economies (Wright et al., 2013; Kumar Chaudry and 
Sachdeva, 2021; Ghosh et al., 2023). Given their high mobility and long 
residence times (Padervand et al., 2020; He et al., 2021; Han et al., 
2022), MPs are ubiquitous and have been labelled as emerging con
taminants (Cole et al., 2011; Hamid et al., 2018; Akanyange et al., 
2022).

Once introduced into the aquatic environment, sediments are a 
major sink of MP particles (Van Cauwenberghe et al., 2015; Yao et al., 
2019; Darabi et al., 2021; Yang et al., 2021). To comprehend their 
patterns of accumulation over time, evaluate their toxic effects and 
develop mass balance models based on their fate and fluxes, reliable 
monitoring of their concentrations needs to be achieved (Kooi et al., 
2016; De Arbeloa and Marzadri, 2024). However, standardised extrac
tion and analysis methodologies to conduct a comprehensive assessment 
of these particles in sedimentary environments are still lacking (Bellasi 
et al., 2020; Bellasi et al., 2021). In the frame of extracting MPs from 
sediment samples, new techniques are constantly being developed due 
to the rapid growth in research in this field (Cutroneo et al., 2021). The 
absence of uniformity in processing environmental samples may result 
in relevant biases while comparing different study cases with similar 
features.

The current study examines extraction procedures, focusing on 
density separation, which is the most employed methodology among 
various techniques (Hanvey et al., 2017; Yao et al., 2019). The effec
tiveness of this method relies on the difference in density between 
sediments and MPs. Sediment density typically ranges around 2.5 to 2.7 
g cm− 3 (i.e., quartz density, which is by far the most abundant mineral in 
sands). In contrast, the density of common plastic polymers found in 
natural environments ranges from 0.2 g cm− 3, such as Expanded Poly
styrene (EPS), to 1.4 g ⋅ cm− 3, including Polyethylene Terephthalate 
(PET) and Polyvinyl Chloride (PVC). Density separation works by mix
ing the sample with a high-density concentrated saline solution. After 
mixing, lighter particles tend to float to the top layer of the mixture, 
while denser ones sink to the bottom (Frias et al., 2018). Different saline 
solutions are employed in laboratories dedicated to MP research. 
However, numerous of these solutions exhibit significant disadvantages 
such as low density, elevated toxicity, and high costs (Quinn et al., 2017; 
Cutroneo et al., 2021; Kumar and Sharma, 2021; Zhang et al., 2021; 
Tirkey and Upadhyay, 2021; Ang et al., 2022; Mattsson et al., 2022; 
Schütze et al., 2022; Debraj and Lavanya, 2023). Since the density of the 

most common polymers does not overcome 1.4 g cm− 3, the density of 
the brine solution should exceed this value (Zhang et al., 2020). Addi
tionally, the selected saline solution should possess low toxicity, be 
economically viable, and have the potential to be recycled and reused as 
this can significantly reduce the costs (Rodrigues et al., 2020). Table 1
presents the commonly used saline solutions, delineating their strengths 
and weaknesses. NaCl, NaI, and ZnCl2 stand among the most extensively 
utilised salts despite exhibiting notable drawbacks, such as the relatively 
low density of NaCl (1.2 g cm− 3) and the high costs and toxicity asso
ciated with NaI and ZnCl2 (Frias et al., 2018; Cutroneo et al., 2021; 
Tirkey and Upadhyay, 2021).

This study aims to assess the efficacy of Sodium Polytungstate (SPT 
hereinafter) in extracting MPs from clastic sand and mud. The selection 
of SPT was based on its ability to obtain an ideal density for the recovery 
of high-density common plastic polymers such as PET and PVC. SPT salt 
possesses the capacity to saturate in deionised water reaching a 
maximum density of 3.1 g cm− 3 (Helbig and Pitt, 2018). Additionally, 
despite being expensive (Frias et al., 2018; Thomas et al., 2020), SPT 
exhibits the capability of being recovered and reused almost endless 
times by a process involving its filtration and water evaporation if 
diluted (Gregory and Johnston, 1987; Torresan, 1987; Krukowski, 
1988). Another noticeable consideration is the low toxicity of SPT 
(Gregory and Johnston, 1987). While it poses harm to aquatic life with 
enduring effects (Eskola et al., 2021), the probability of environmental 
dispersion is significantly reduced due to its 100 % recyclability. It is 
also worth noting that SPT, unlike other high-density solutions, is non- 
irritant to the skin and does not form volatile vapours (Eskola et al., 
2021). Considering the limitations of other salt solutions used in liter
ature for density separation and the practical advantages offered by SPT, 
this study aims to test its recovery efficiency by using artificial sediment 
mixtures containing a controlled number of MP. Specifically, we test 
here the SPT capability to separate PET fibres from sediments ranging in 
grain size from mud (smaller than 63 μm) to medium sand (between 63 
and 250 μm), which are widespread in natural and human-modified 
alluvial and coastal environments. The decision to employ PET fibres 
exclusively in our experiments is based on their dominance as the most 
common shape category of plastic polymer found in environmental 
samples (Burns and Boxall, 2018; Kooi and Koelmans, 2019). Addi
tionally, PET is not only one of the most widespread plastic polymers but 
also possesses one of the highest densities among commonly encoun
tered MPs (Rodrigues et al., 2019; Gazal and Gheewala, 2020). By 
demonstrating the effectiveness of our extraction method for PET fibres 
under these conditions, we ensure that it should also be capable of 
recovering fibres deriving from lower-density polymers. Additionally, 
modifications to the basic separation technique are suggested to opti
mise MP recovery rates in mud-rich sediments, emphasising the critical 
role of sediment grain size. This aspect is often overlooked in existing 
research, where MPs are frequently trapped within sediment aggregates 
(Besseling et al., 2017; Li et al., 2019; Waldschläger et al., 2022), leading 
to an overall underestimation of MPs content.

2. Materials and methods

2.1. Plastic-free sediments

Samples used in our experiments were obtained by adding MPs to 
plastic-free sediments. Plastic-free sediments were recovered in a quarry 
extracting sand and mud from fluvial Pleistocene deposits of the Upper 
Valdarno Basin (unit VRCd in Ghinassi et al., 2013). Sediments were 
collected at the quarry frontm below the modern soil) using a metal 
shovel after removing the outermost layer to prevent contamination. 
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Table. 1 
Strengths and weaknesses of the most used saline solution for extracting microplastic particles from sediments.

Salt Density 
(g⋅cm− 3)

Strengths Weaknesses References

Calcium Chloride (CaCl2) 1.3–1-5 Affordable. Not harmful to the 
environment and humans.

Low density to recover high-density 
polymers. Ca+ ions may react and 
aggregate organic matter.

Stolte et al., 2015; Crichton et al., 2017; Scheurer 
and Bigalke, 2018; Liu et al., 2019; Liu et al., 
2020; Thomas et al., 2020; Zhang et al., 2020; 
Adams et al., 2021; Cutroneo et al., 2021; Kumar 
and Sharma, 2021; Schröder et al., 2021; Zhang 
et al., 2021; Ang et al., 2022; Duong et al., 2022; 
Razeghi et al., 2022; Debraj and Lavanya, 2023

Lithium metatungstate 
(Li6⋅H2W12040)

1.6–1.62 Ideal density to recover also high- 
density polymers.

Expensive. Moderate toxicity and hazard. Chu et al., 2010; Frias et al., 2018; Masura et al., 
2015; Quinn et al., 2017; Cutroneo et al., 2021; 
Eskola et al., 2021; Tirkey and Upadhyay, 2021; 
Razeghi et al., 2022

Monosodium Phosphate 
(NaH2PO4)

1.4–1.5 Affordable. Low toxicity. Low density to recover high-density 
polymers. The need to heat the solution to 
increase the density during the processes 
complicates the extraction procedure.

Zhang et al., 2020; Cutroneo et al., 2021; Zhang 
et al., 2021; Bellasi et al., 2021; Ang et al., 2022; 
Debraj and Lavanya, 2023

Potassium Iodide (KI) 1.5–1.8 Ideal density to recover also high- 
density polymers.

High toxicity and hazard. Mu et al., 2019; Scott and Green, 2020; Cutroneo 
et al., 2021; Eskola et al., 2021; Kurzweg et al., 
2022; Santana et al., 2022

Sodium Bromide (NaBr) 1.37–1.5 Potential for solution recycling and 
reuse. Low toxicity.

Expensive. Quinn et al., 2017; Frias et al., 2018; Liu et al., 
2019; Liu et al., 2020; Thomas et al., 2020; 
Cutroneo et al., 2021; Halbach et al., 2021; 
Kumar and Sharma, 2021; Schütze et al., 2022

Sodium Chloride (NaCl) 1.15–1.3 Affordable and easily available. 
Low toxicity. Environmentally 
friendly.

Low density to recover high-density 
polymers. The need for multiple repetitive 
separation steps makes the process time- 
consuming.

Vianello et al., 2013; Masura et al., 2015; Van 
Cauwenberghe et al., 2015; Coppock et al., 2017; 
Sruthy and Ramasamy, 2017; Abidli et al., 2018; 
Frias et al., 2018; Pagter et al., 2018; Reed et al., 
2018; Bayo et al., 2019; Blair et al., 2019; 
Filgueiras et al., 2019; Han et al., 2019; Liu et al., 
2019; Stock et al., 2019; Ferreira et al., 2020; Liu 
et al., 2020; Mataji et al., 2020; Thomas et al., 
2020; Wu et al., 2020; Zhang et al., 2020; Bellasi 
et al., 2021; Chouchene et al., 2021; Cutroneo 
et al., 2021; Nava and Leoni, 2021; Radford and 
Zapata-Restrepo, 2021; Tirkey and Upadhyay, 
2021; Zhang et al., 2020; Ang et al., 2022; Duong 
et al., 2022; Santana et al., 2022; Maisto et al., 
2022; Mattsson et al., 2022; Nabi et al., 2022; 
Razeghi et al., 2022; Schütze et al., 2022; Debraj 
and Lavanya, 2023

Sodium Iodide (NaI) 1.55–1.8 Ideal density to recover also high- 
density polymers. Potential for 
solution recycling and reuse.

Expensive. High toxicity and hazard. May 
darken cellulose filters, hindering visual 
sorting. Hygroscopic and unstable in 
solution.

Claessens et al., 2013; Nuelle et al., 2014; Van 
Cauwenberghe et al., 2015; Coppock et al., 2017; 
Crichton et al., 2017; Kedzierski et al., 2017; Ling 
et al., 2017; Quinn et al., 2017; Willis et al., 
2017; Frias et al., 2018; Han et al., 2019; Stock 
et al., 2019; Liu et al., 2020; Mehdinia et al., 
2020; Thomas et al., 2020; Bellasi et al., 2021; 
Cutroneo et al., 2021; Kumar and Sharma, 2021; 
Nava and Leoni, 2021; Tirkey and Upadhyay, 
2021; Zhang et al., 2021; Ang et al., 2022; Duong 
et al., 2022; Santana et al., 2022; Maisto et al., 
2022; Mattsson et al., 2022; Nabi et al., 2022; 
Razeghi et al., 2022; Debraj and Lavanya, 2023

Sodium Polytungstate 
(3Na2WO4⋅9WO3⋅H2O)

1.4–1.8 Ideal density to recover also high- 
density polymers. Potential for 
solution recycling and reuse. Low 
toxicity.

Expensive. May crystallize during 
evaporation.

Gregory and Johnston, 1987; Torresan, 1987, 
Krukowski, 1988; Skipp, 1993; Corcoran et al., 
2009; Corcoran et al., 2015; Martin et al., 2017; 
Dean et al., 2018; Helbig and Pitt, 2018; Enders 
et al., 2019; Stock et al., 2019; Turner et al., 
2019; Cunningham et al., 2020; Thomas et al., 
2020; Cutroneo et al., 2021; Eskola et al., 2021; 
Razeghi et al., 2022; Weber and Kerpen, 2023

Sodium Tungstate Dihidrate 
(Na2WO4⋅2H20)

1.4 Relatively cheap. Low toxicity. Low density to recover high-density 
polymers.

Frias et al., 2018; Pagter et al., 2018; Kanhai 
et al., 2019; Stock et al., 2019; Pagter et al., 
2020; Thomas et al., 2020; Cutroneo et al., 2021; 
Tsering et al., 2022

Zinc Bromide (ZnBr2) 1.7 Ideal density to recover also high- 
density polymers. Potential for 
solution recycling and reuse.

Expensive. High toxicity. Corrosive. Frias et al., 2018; Quinn et al., 2017; Thomas 
et al., 2020; Wu et al., 2020; Cutroneo et al., 
2021; Eskola et al., 2021; Tirkey and Upadhyay, 
2021; Debraj and Lavanya, 2023

Zinc Chloride (ZnCl2) 1.5–1.8 Ideal density to recover also high- 
density polymers. Potential for 
solution recycling and reuse.

Expensive. High toxicity. Corrosive. May 
cause alteration and degradation of MPs. 
May cause foaming in organic-rich 
samples.

Van Cauwenberghe et al., 2015; Horton et al., 
2017; Zobkov and Esiukova, 2017; Frias et al., 
2018; Lo et al., 2018; Stock et al., 2019; Zheng 
et al., 2019; Konechnaya et al., 2020; Liu et al., 
2020; Rodrigues et al., 2020; Thomas et al., 

(continued on next page)
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The collected sediments were stored in aluminium foils. Before artificial 
sample preparation, the sediments were dried at 50 ◦C, sieved, and 
separated into two grain size ranges: particles smaller than 63 μm (mud) 
and particles ranging from 63 and 250 μm (very fine to fine sand), for 
composition analysis. The 63 to 250 μm fraction was analysed through 
petrographic analysis (composition dominated by quartz, with minor 
amounts of feldspars, volcanic grains, and mica). In contrast, the frac
tion of particles smaller than 63 μm was examined using X-ray powder 
diffraction (composed of clay minerals, quartz, albite, chlorite, and 
orthoclase). Three different sediment mixtures were prepared: i) 
Mixture A (100 % mud), with all particles smaller than 63 μm, ii) 
Mixture B (50 % mud and 50 % sand) containing 50 % of particles 
smaller than 63 μm and 50 % of particles ranging from 63 to 250 μm, and 
iii) Mixture C (100 % sand) with particle sizes between 63 and 250 μm.

2.2. MPs preparation

MPs were obtained by manual cutting under a magnifying glass with 
precision scissors, segments of a PET (density of 1.38 g cm− 3) blue 
drawstring. The resulting fibres were 100 to 500 μm long and showed a 
diameter of 17 μm.

2.3. Artificial sediment samples

Sediment samples used during the experiments were generated by 
introducing 50 MP items into 20 g (dry weight) of plastic-free sediments. 
The addition of 50 MP particles into the samples was carried out under 
the microscope. Within the microscope field, individual PET fibres, 
manually selected to be between 100 and 500 μm in size, were placed on 
a drop of deionised water sited on a slide to prevent their dispersion 
during the transfer procedure. Subsequently, aided by additional 
deionised water, the fibres were carefully transferred into 300 mL glass 
beakers containing 20 g of sediment to create the study artificial sedi
ments. A total of 20 samples for each mixture were created, for a total of 
60 samples.

2.4. The sodium polytungstate solution and the separation procedure

A saturated solution of 3.1 g cm− 3 of SPT was prepared by dissolving 
the salt granules in deionised water using a magnetic stirrer plate. Af
terwards, deionised water was added until the required density of 1.6 g 
cm− 3 was reached. This density was selected because it falls above that 
of plastics yet below sediments, enabling the principle of density sepa
ration to operate effectively. The solution was then filtered through a 
vacuum pump using a 0.45 μm cellulose filter (GVS filter technology) 
and stored in a glass beaker.

The density separation process began by adding and mixing 100 mL 
of the SPT solution within the beakers containing the artificial samples. 
Following the complete settling of sediments (≥ 12 h.), the suspended 
particulate matter – lighter than the SPT solution and containing MPs – 
was collected using a pipette. The entire surface of the liquid was 
sampled uniformly, ensuring no preferential collection, and the solution 
was transferred entirely to cellulose acetate filters with 0.45 μm pores 
(GVS filter technology). The filters were placed in a filtration funnel to 
support the filtration. Following Frias et al. (2018), the top of the funnel 

was covered with aluminium foil to avoid contamination during the 
filtration. Additionally, all instrumentation (e.g., the pipette, the walls 
of the filtration device, the beakers) used for the procedure was rinsed 
with pre-filtered water before the procedure, to prevent contamination, 
and after the procedure to ensure that all fibres were fully recovered. 
The filters were placed in aluminium containers and covered with 
aluminium foil until microscope observation.

To evaluate the recovery rates, PET fibres trapped in the stored filters 
were counted using a stereo microscope. The recovery rate for different 
samples is expressed as a percentage of the recovered fibres compared to 
the 50 items added to each sample to create the artificial mixture.

2.5. The four experimental setups

This section details the methodologies employed for the extraction 
procedures conducted with the prepared artificial sediment samples. A 
total of 15 series of experiments were conducted across four distinct 
procedures (Fig. 1), corresponding to five experiments for each of the 
three mixtures. The transition from one procedure to another occurred 
after evaluating the results of the previous procedure to enhance the 
recovery rate. The detailed reasons for the success or failure of each 
procedure, and thus the shift to the next one, will be thoroughly dis
cussed in Section 3.

Procedure 1 began by adding and mixing the SPT solution into the 
samples contained in the beakers. The sediments were then allowed to 
settle for 12 h., after which the supernatant was filtered as described by 
Masura et al. (2015) and Frias et al. (2018) protocols. In Procedure 2, 
beakers containing sediments and the SPT solution underwent a 5-min 
ultrasonic bath treatment to separate possible MP-sediment aggregates 
(Wang et al., 2018; Zhang et al., 2018; Alvim et al., 2021). The duration 
of the sonication step and the used frequency (40 K Hz) were chosen to 
avoid possible degradation of the MP particles (von der Esch et al., 2020; 
Goli and Singh, 2023). Following sonication, the samples were left un
disturbed for 12 h.

to allow complete sediment settling, after which the supernatant was 
filtered. Procedure 3 involved repeating the steps of Procedure 2 twice 
for each sample, as a second treatment may aid in the complete 
extraction of all MP particles (Debraj and Lavanya, 2023). The steps 
were carried out in the following sequence. SPT solution was added to 
the samples, followed by a 5-min sonication. Once the sediments had 
fully settled, the supernatant was filtered. An additional 100 mL of SPT 
solution was then added to the remaining sediments in the beakers, and 
the process – sonication, settling, and filtration – was repeated. Due to 
the abundance of fine-grained sediments in mixture B samples, after the 
initial sonication phase, the suspension was transferred to a new beaker. 
The settled sediments were left in the original one to maximize the 
extraction of MPs from the coarser portion of the sample. Procedure 4 
does not include sonication and involves placing the glass beakers with 
the sediments and the SPT solution on a stirring plate for a total of 3 h. 
with a progressively lowering rotation velocity (300 rpm, 1st h.; 200 
rpm, 2nd h.; 100 rpm, 3rd h.) to allow sediments to settle out progres
sively according to their grain size. After the 12 h. for sediment settling, 
the extraction of MPs was carried out. To ensure that there was no 
degradation or further fragmentation of the particles during the mag
netic stirring process, PET fibres were carefully observed both before 

Table. 1 (continued )

Salt Density 
(g⋅cm− 3) 

Strengths Weaknesses References

2020; Wu et al., 2020; Bellasi et al., 2021; 
Cutroneo et al., 2021; Esiukova et al., 2021; 
Eskola et al., 2021; Radford and Zapata-Restrepo, 
2021; Tirkey and Upadhyay, 2021; Ang et al., 
2022; Duong et al., 2022; Mattsson et al., 2022; 
Nabi et al., 2022; Razeghi et al., 2022; Schrank 
et al., 2022; Debraj and Lavanya, 2023
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and after the procedure.

3. Results and discussion

Results obtained from applying the four procedures to the three 
artificial mixtures are summarized in Fig. 2. In detail, the overall re
covery rate across the three different sediment mixtures was 46 % ± 10 
%, 49 % ± 9 %, 63 % ± 8 %, and 92 % ± 2 % from Procedure 1 to 4, 
respectively. Notably, the graphical representation shows a significant 
reduction in the interquartile range (IQR) from Procedures 1 to 4. The 
extraction of MPs consistently exhibited a higher efficacy in Mixture C 
for all procedures, reaching values of 98 % ± 1 % in Procedure 4, 
compared to Mixture A and B samples. However, the improvement from 
Procedures 1 to 4 is particularly evident in sediment mixtures A and B. 
Starting from values of 24 % ± 7 % (Mixture A) and 20 % ± 8 % 
(Mixture B) in Procedure 1, they have progressed to values of 86 % ± 2 
% (Mixture A) and 92 % ± 4 % (Mixture B) in Procedure 4.

These results clearly show differences in recovery rates among the 
four procedures, as well as variations among the three artificial sediment 
mixtures. For instance, extracting MPs was found to be more straight
forward in samples containing sand-sized sediments than in mud-rich 
samples.

The elevated retrieval of MPs reached in all four procedures from 
Mixture C samples can be attributed to the substantial contrast in 

settling velocity between MPs – particularly particles exhibiting irreg
ular shapes, such as fibres – and sand particles (Waldschläger and 
Schüttrumpf, 2019; Wang et al., 2021a, 2021b; Qian et al., 2024). The 
rapid settling of sand grains compared to the one of MPs and the 
considerable spacing between sandy sediment particles prevent the 
formation of a sediment seal and MPs can easily rise to the liquid surface. 
Thus, optimal recovery of MPs when working with mud-free sandy 
sediments (e.g. wave-reworked deposits) can be achieved through an 
easy procedure involving only a few steps. Conversely, a more complex 
procedure is required to ensure a good recovery in samples containing 
sediments characterised by fine-grained particles (e.g., floodplains and 
tidal flat deposits). Results obtained from the extraction of MPs from 
mud-rich sediments were, in fact, different. This is mainly due to the 
dynamic interplays between MPs and sediment particles with a grain 
size lower than 63 μm. Therefore, when extracting MPs from sediments 
through density separation, it is necessary to consider the particle size of 
the sediments. Sediments can impact the behaviour of MPs, and it is well 
known that the interactions between MPs and fine-grained sediment 
particles, such as clay, have effects on the transport and spatial disper
sion of MPs (Besseling et al., 2017; Kooi et al., 2018; Del Domercq et al., 
2022). These fine-grained and cohesive sediments can adhere to the 
surfaces of MPs, creating aggregates characterised by an increased 
density and influencing their hydrodynamic behaviour (Alimi et al., 
2018; Li et al., 2019; Wu et al., 2020; de Haan et al., 2019; Leiser et al., 
2020). The formation of these aggregates is linked to the frequency and 
energy of particle interactions (Li et al., 2018; Wang et al., 2021a, 
2021b), factors that are dependent on sediment concentration and the 
prevailing hydrodynamic conditions. Additionally, the electrostatic 
charge of surfaces and the salinity of the fluid play central roles, with 
higher salinity correlating to an increased affinity to the formation of 
MPs-sediment aggregates (Andersen et al., 2021; Laursen et al., 2022; 
Laursen et al., 2023). Hence, in the presence of suspended sediments, the 
formation of MPs-sediment aggregates modifies the hydrodynamic 
behaviour of MP particles that, in the form of aggregates, tend to settle 
and accumulate within sediments (Li et al., 2019) preventing an efficient 
recovery. Additionally, suspended cohesive sediments can create a cap, 
preventing MPs from rising to the surface (Kane and Clare, 2019; Pohl 
et al., 2020; Li et al., 2021). Considering the recovery of MPs from sand 
has been high since Procedure 1, the introduction of Procedures 2 to 4 
became necessary to increase the recovery when extracting MPs from 
the two other sediment mixtures. In Procedure 2, a sonication step was 
introduced as ultrasounds are commonly employed to remove cohesive 
particles adhered to MP surfaces (Wang et al., 2018; Zhang et al., 2018; 
Alvim et al., 2021). In this procedure, the low frequency, and the short 
sonication time, mandatory to prevent MP degradation, were insuffi
cient to disaggregate flocs and the recovery remained low. In Procedure 
3, a further step in attempting an increased recovery was repeating the 
extraction procedure twice per sample while maintaining the use of 
ultrasounds for both times. The addition of one or more separation steps 
is often employed in literature mainly when using a saline solution such 
as NaCl where the low density of the liquid does not allow the recovery 
of all MP particles at once (Debraj and Lavanya, 2023). However, the 
recovery improved only in Mixture B samples, while it remained low for 
Mixture A ones. The enhancement in recovery from Mixture B samples is 
primarily attributed to the subdivision between the sand and mud 
fractions of Mixture B samples. Performing the separation procedure 
individually for the two sample portions increased the extraction of MPs 
from the coarser portion. Results from the application of Procedures 2 
and 3 suggest that interaction between MP and cohesive sediments 
persists despite sonication and repeated filtration process. Since 
increasing sonication frequency/duration may result in MP fragmenta
tion and, along with repeated filtration, in time-consuming procedures, 
Procedure 4 has been developed to prevent MP aggregation with sedi
ments. In Procedure 4, placing glass beakers containing sediments and 
the SPT solution on a stirring plate allows MPs to rise to the liquid 
column. Meanwhile, a gradual reduction in stirring speed enables 

METHODOLOGY

Artificial sediment samples

Samples + Sodium Polytungstate solution

Procedure 2 Procedure 3 Procedure 4Procedure 1
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Visual counting

200 μm

Mixture A Mixture B
50% sand + 50% mud 

< 250 μm
100% mud 

< 63 μm

Mixture C
100% sand 
63 - 250 μm

Fig. 1. Schematic diagram illustrating the four separation procedures. The 
flowchart progresses as follows: first, three artificial sediment mixtures are 
created by incorporating PET fibres into plastic-free sediments. Sodium Poly
tungstate solution is then added to each sample to conduct density separation. 
After completing the four separation procedures, MPs are quantified by 
observing the filters under a stereomicroscope.
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cohesive sediment particles to settle gradually without forming aggre
gates. Through this mechanism, cohesive sediments were no longer able 
to massively push MPs towards the bottom and this allowed MP particles 
to reach the liquid surface.

The results of this study indicate that based on the strengths and 
limitations of salt solutions commonly used in the literature for MP 
extraction from sediments, a SPT solution with a density of 1.6 g cm− 3 

proves to be among the best choices. However, precautions must be 
taken based on the type and particle size of the sediment from which 
microplastics are being extracted. A simple filtration (Procedure 1 of this 
study) using SPT would be an efficient and time-saving procedure to be 
used for MPs separation from sediments accumulated in mud-free 
depositional settings, like wave-reworked environments (e.g. beaches, 
shorefaces), aeolian settings (e.g., shoreline dunes, desert dunes) or (in 
some cases) alluvial channels. When processing sediments accumulated 
in environments such as lagoons, floodplains, or other low-energy set
tings that allow for mud accumulation, additional precautions are 
necessary. These environments include areas below the wave base 
(marine or lacustrine) or river channels during the waning phase of a 
flood. In such cases, modifications to the procedure are required to 
ensure the efficient separation of microplastics from fine-grained sedi
ments. Therefore, for sediments with a significant amount of mud, it is 
recommended to use Procedure 4 from this study to achieve optimal MP 
extraction. This method addresses the challenges associated with fine- 
grained particles and improves the effectiveness of the extraction pro
cess in these samples.

4. Conclusions and future directions

The absence of standardised processing methods in extracting MP 
particles from sediments can compromise comparability between 
different studies. Density separation is a predominant method employed 
for extracting MPs from natural sediments, although multiple proced
ures and tools are used. The two main outcomes of this study are that an 
SPT saline solution with a density of 1.6 g cm− 3 is one of the most 
effective options for MP fibre extraction from environmental sediment 
samples. However, particular care must be taken to account for the 
sediment type and particle size of the samples during extraction. In 
detail: 

- MP fibre particles can be efficiently recovered from mud-free sandy 
sediments by applying an easy procedure involving exclusively so
lution filtration.

- Achieving an efficient extraction of fibres from mud-rich sand and 
fully muddy sediments can be accomplished by applying a procedure 
that involves placing the samples with the SPT saline solution on a 
stirring plate progressively lowering the rotation velocity.

- The high retrieval efficiency achievable through the extraction of MP 
fibres from sediments widespread in most of the depositional envi
ronments, coupled with the characteristics of the SPT solution – such 
as its adjustable density, low toxicity, and capacity for repeated re
covery and reuse – make it an excellent solution for extracting 
MPfibres from environmental sediment samples.

However, additional tests are necessary to address the limitations of 
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Fig. 2. Boxplot chart illustrating the overall recovery variability across the four separation procedures (I). Boxplot chart displaying the recoveries from the three 
artificial mixtures (A, B, and C) for the four separation procedures (II).
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the procedure. Future research should consider factors like the varying 
shapes of MP particles, which may interact and behave differently with 
sediments, the diversity of polymer types, and, crucially, the addition of 
a step to remove organic matter from samples without affecting particle 
recovery. This will enable the reliable analysis of more complex envi
ronmental samples, such as floodplains or riverine sediments while 
ensuring high recovery rates.

CRediT authorship contribution statement

Francesca Uguagliati: Writing – original draft, Investigation, 
Formal analysis, Data curation, Conceptualization. Massimiliano Zat
tin: Writing – review & editing, Project administration, Methodology, 
Data curation, Conceptualization. Kryss Waldschläger: Writing – re
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